The present article is focused on a phenomenological description of a polymer workpiece Equal Channel Angular Extrusion (ECAE) through 2 -dies of Segal and Iwahashi geometries with a channel intersection angle 2 = 105 ∘ with fixed and movable external inlet and outlet die walls. The local flow dynamics, including the formation of macroscopic rotation and a dead zone appearance during the flow of plasticine, paraffin, and wax workpiece models through the subject die configuration was studied using physical simulation techniques. The present article utilizes a Computational Fluid Dynamics (CFD) numerical approach to a theoretical description of 2D viscous flow of incompressible Newtonian continuum through the stated die geometries. The boundary value problem for the Navier-Stokes equations in the curl transfer form for the local viscous flow was formulated and numerically solved with a finite-difference method. Theoretical CFD-derived plots with computational flow lines, dimensionless flow and curl functions, flow velocities, and tangential stresses for viscous material flow through the stated die geometries have been generated and described. As a first rheological approximation the derived computational results provide the theoretical description of physical simulation experiments and visualize the formation of ECAE-induced rotational modes of large deformations like macroscopic rotation and rotational inhomogeneity.
Introduction and Background
In recent years materials science and materials pressure working also deal with the continuum mechanics-based description of the dynamics of macroscopic and microscopic phenomena in the rheologically complex composite and polymeric systems under external perturbations of pressure worked materials [1-5, 7-9, 13, 14, 17, 19-34] . Macroscopic phenomenological description of local materials flow within polymeric systems under external working by pressure is closely associated with modern problems of nonequilibrium thermodynamics of irreversible processes, classical continuum mechanics, Computational Fluid Dynamics (CFD) [9, 13, 14, 17, 19, 20, 30, 32, 34, 35] , rheodynamics and rheology [29] , rheomechanics and rheophysics [30] , polymer physics and chemistry [32, 34] , material kinetics [31] , complex macromolecule networks, chemical engineering of polymers, chemical technology of complex fluids, material working by pressure , medical applications, and phenomenological continuum-based theories of polymer viscous flow [29] [30] [31] [32] 34] . So the rheodynamics and rheology of polymer pressure working is also within the aims and scopes of such 2
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Severe Plastic Deformation (SPD) problems as Equal Channel Angular Extrusion (ECAE) or Equal Channel Angular Pressing (ECAP). The forming processes of SPD by ECAE also find applications in iron and steel industry, nonferrous metals industry, chemical and mechanical engineering for pressure working of alloys, composites, metals, and polymer and powder workpieces.
ECAE (ECAP) is based on one or several extrusion (pressing) passes of a lubricated metal or polymer worked material through the angular die with two intersecting inlet and outlet channels of equal cross-section. ECAE-induced pressure forming of worked materials results in the getting, accumulation, and redistribution of large plastic shear strains and structure refinement of processed material with substantial enhancement of physical and mechanical properties.
The observable macroscopic dynamics of the ECAE (ECAP) technological process is characterized by emerging essential plastic strain inhomogeneity and unevenness, nonuniformity of large strain redistribution, appearance of macroscopic rotation and rotational modes of SPD both within the deformation zone and workpiece volume in the outlet die channel, and the formation of a dead zone in the die channel intersection zone of the workpiece local flow. These phenomena lead to a further development and propagation of SPD rotational modes and macroscopic rotation within the volume of pressure worked material and a decrease in length for the workpiece areas with stationary local viscous flow and an increase in material waste due to normal truncation of extruded material between successive ECAE passes. Strain inhomogeneity, unevenness of deformation distribution, and plastic strain nonuniformity are also factors, which reduce the final yield of workpiece formed material during multiple passes of SPD by ECAE. Recent publications indicate essential scientific interest in a qualitative and quantitative experimental-theoretical description of the phenomenological dynamics of SPD and formation of associated pressureinduced rotational modes like macroscopic rotations and rotational inhomogeneity within pressure worked materials during ECAE.
Today rheologically complex problems of pressureinduced polymer dynamics during SPD by ECAE attract the attention of such researchers as Aour et al. (2009) [1] , Beloshenko et al. (2013) [2] , [3] , Creasy and Kang (2004) [4] , Han et al. (2008) [5] , Li et al. (2012) [7] , Minakowski (2014) [8] , Perig et al. (2010 [9, 13, 14, 17, 19, 20] , Qiu et al. (2012) [21] , Seo and Weon (2013) [22] , Sue et al. (1999) [23] , Weon et al. (2005) [24] , Xia et al. (2000) [26] , [27] , and others. Research efforts of these scientists have been focused on physicalmechanical investigations into the engineering problems of polymer materials local flow in angular domains during SPD ECAE material pressure forming. ∘ channel intersection and external and internal radii in channel intersection zone and with Coulomb's friction law between the polymer workpiece model and the die walls [1] . The advantage of Aour et al. 's (2009) approach includes the availability of experimental-theoretical analysis of multipass ECAE using different deformation routes [1] . However Aour et al. 's (2009) phenomenological research does not fully address the macroscopic dynamics of formation and development of rotational modes of ECAE-induced large deformations during pressuredriven local flow of HDPE and PE polymer workpieces [1] . Beloshenko et al. 's (2013) review research has analyzed and systematized the change of the structure of glassy polymers, polymer composites and semicrystalline polymers under the action of SPD ECAE-induced large deformations [2] . It is very sound that Beloshenko et al. (2013) have addressed a wide range of technological, physical, and chemical aspects of polymer pressure forming by ECAE through angular and multiple-angular dies [2] . However, Beloshenko et al. (2013) have not fully addressed the kinematic influence of movable die walls of ECAE die tooling on the dynamics of local flow of polymer workpieces [2] . Mesomechanics and macromechanics of rotational modes formation in pressure worked polymer materials were also beyond the scope of Beloshenko et al. 's (2013) review study [2] . have analyzed the influence of ECAE back-pressure and ECAE punching velocity on the energy-power parameters of polymer workpiece local flow through an angular die of Iwahashi geometry [3] . The experimentally enhanced visualization of the effects of ECAE backpressure and ECAE punching speed on the geometric shape of pressure formed polymer workpieces has been provided in the valuable contribution [3] by . However Boulahia et al. 's (2009) research did not fully address the physical mechanisms of SPD, which caused formation of macroscopically observable defects of polymer workpieces of wavy shape [3] . Macroscopic and microscopic experimental studies by have not been focused on visualization of macroscopic and microscopic rotations and rotational SPD modes within volume of ECAE-driven polymer workpieces [3] . Creasy and Kang (2004) did experimental research of ECAE-stipulated local flow of a polyacetal rod-shaped workpiece through an angular domain of Segal geometry with a right angle 2 = 90 ∘ channel intersection [4] . A wide range of experimentally originated plots, derived during processing of experimental results, is among obvious advantages of Creasy and Kang's (2004) research [4] . However Creasy and Kang (2004) have not produced photos of their experimentally derived results that really complicate estimation of effect of SPD-induced rotary modes on fiber orientation within pressure worked polymer workpiece [4] . Moreover, Creasy and Kang's (2004) research contains no mention of the appearance or experimental investigation of rotational modes of SPD during ECAE-driven pressure forming of thermoplastic workpiece [4] . Han et al. (2008) have applied physical simulation techniques for experimentally enhanced visualization of empirical flow lines during ECAE through an Iwahashi die by using color grains at the front surface of the extruded workpiece [5] . Science and Engineering   3   Han et al. (2008) have proposed simple geometric equations  for material flow lines within the deformation region during  ECAE of worked material through Segal-geometry die with  channel intersection angle 90 ∘ [5] . Han et al. (2008) have derived phenomenological equations of flow lines as the piecewise functions with an assumption that material flow lines are composed of two straight lines in the vertical inlet and horizontal outlet die channels and one symmetric circular arc in the region of the central segment, which restricts the symmetric dead zone in the channel intersection region [5] . However the local flow of color grains in Han et al. 's (2008) ECAE experiments has a rheologically complex nature [5] . Therefore, empirically enhanced Han et al. 's (2008) phenomenological approach to ECAE flow lines geometric description is a rather simplified one [5] . Factually Han et al. (2008) have not addressed the differential equations, which theoretically determine the experimentally observable flow lines during local flow of the grained material through the ECAE die [5] . Therefore, Han et al. (2008) decided a priori to set the shape of material flow lines during ECAE trying graphically to guess the numerical integral instead of doing an accurate formulation and the further numerical solution of unknown differential equations for local ECAE-stipulated flow of grained material [5] . Li et al. (2012) have performed empirical investigations of multipass ECAE-caused local flow of a solid phase polymer nanocomposite workpiece, produced from polypropylene and organic montmorillonite, through an angular die of Segal geometry with a right angle 2 = 90 ∘ channel intersection [7] . Li et al. (2012) have provided experimental optically and TEM-derived photos of microslices of pressure worked polymer workpieces, which illustrate ECAE-assisted polymer structure fragmentation [7] . However Li et al. (2012) did not fully address the physical mechanisms, which govern the generation, appearance, growth, and development of rotational modes of SPD that are responsible for macroscopic rotation, mixing, crashing, fragmentation, and structural refinement of polymer workpieces within the deformation zone [7] . Minakowski (2014) has numerically studied ECAEdriven flow of polymer material with a density of 3000 kg/m 3 through a multiple-angled two-turn S-shaped die of generalized Iwahashi geometry [8] . Minakowski (2014) has used CFD-techniques and continuum mechanics-based governing equations together with FEniCS FEM freeware [8] . However, Minakowski's (2014) approach did not address additional kinematic effects, associated with independent translational motions of movable die walls during ECAE through the Sshaped multiple-angled die [8] . Perig et al., 2010 , have applied a continuum mechanics-based approach and fluid dynamics techniques for simple phenomenological description of growth, formation and transformation of rotational modes of large deformations (e.g., macroscopic rotation and rotational inhomogeneity) within the volume of a viscous workpiece model in the process of ECAE [9, 13, 14, 17, 19, 20] . Finitedifference-based 2D computer hydrodynamic modeling of viscous ECAE flows of incompressible fluid through angular domains with different die geometries [9, 13, 14, 17, 19, 20] was based on the difference approximation and numerical solution of curl (vorticity) transfer form of the Navier-Stokes difference equations with an introduction of the curl (vorticity) and flow (stream) function formulation [9, 13, 14, 17, 19] , and flow velocities punching pressure formulation [20] . Computational diagrams of flow lines and flow velocities for correspondent ECAE-stipulated flows have been determined with an application of Computational Fluid Dynamics (CFD) modeling to flow of viscous fluids through the angular and multiple-angular dies [9, 13, 14, 17, 19, 20] . Perig et al. (2010) have applied an experimentaltheoretical approach to a phenomenological continuum mechanics-based description of polymer workpiece viscous flow through an angular domain of Segal geometry with a right angle 2 = 90 ∘ die channel intersection through a numerical CFD-based solution of Navier-Stokes equations in curl (vorticity) transfer form [9] .
The State of the Art

Advances in Materials
Perig and Golodenko (2014) have analyzed local features of a plasticine-based long combined workpiece model during ECAE through a multiple-angle S-shaped angular domain with a translationally movable inlet die wall through the joint usage of physical simulation techniques and a CFD-based solution of Navier-Stokes equations in curl (vorticity) transfer form with respect to the variables, the curl (vorticity), and flow (stream) function [13] .
Perig and Golodenko (2014) have performed experimental-theoretical studies of the formation of flow patterns and development of rotational modes of deformation during local flow of viscous fluid through a multiple-angled die domain in the shape of vertical inlet die channel, horizontal outlet die channel with a right angle 2 = 90 ∘ inlet, and outlet channel intersection and with an inclined plane transition channel (parallel slants), connecting the inlet and outlet die channels [14] . have investigated the effect of 2 0 -punch shape on the dynamics of local flow during ECAE of plasticine models of worked materials through the 2 -angular dies for the cases of 2 0 = 2 and 2 0 = 90 ∘ for plastic [16] and viscous [17] flows of metal [16] and polymer [17] workpiece models.
Perig and Golodenko (2016) have addressed the technological problem of angular extrusion of viscous continuum through a multiple-angled U-shaped angular die with an application of physical simulation and CFD techniques [19] .
Perig and Golodenko (2016) have analyzed ECAE-driven viscous flow through an angular die of Segal geometry with 2 = 90 ∘ through a direct numerical solution of the NavierStokes equations with respect to the physical variables "flow velocities , V of viscous flow and ECAE punching pressure " [20] . Qiu et al. (2012) have performed an experimental investigation of the dynamics of spherulite fragmentation during local ECAE plastic flow of a crystalline polypropylene workpiece through an angular domain of Segal geometry with a right angle 2 = 90 ∘ channel intersection [21] . Qiu et al. (2012) have applied microscopy-enhanced experimental analysis of polished microsections of an ECAE-stipulated pressure formed workpiece for visualization of polymer structure fragmentation by destructive assistance of rotational deformation modes of SPD at microlevel of pressure worked 4 Advances in Materials Science and Engineering polymer material [21] . The research [21] provides additional processing of Qiu et al. 's (2012) experimental results with 2D graphical plots for changes in polymer molecular orientation in different workpiece cross-sections during ECAE [21] . However, Qiu et al. (2012) have not provided experimental vector fields for illustration of polymer material macroscopic rotation within deformation zone during ECAE processing [21] . Seo and Weon (2013) have outlined and analyzed the experimental influence of ECAE die geometry and the type of multipass ECAE deformation route on the microlevel dynamics of polyamide-6 structure fragmentation during local flow of polyamide-6/clay composite through an angular domain of Segal geometry with a right angle 2 = 90 ∘ channel intersection [22] . Seo and Weon (2013) have plotted additional experimentally derived schematic diagrams and TEM images for the illustration of macroscopic rotation of material elements within pressure worked polymeric material during multipass ECAE processing [22] . However, Seo and Weon's (2013) research has not provided additional plots for generalization of their ECAE route-dependent results [22] . Sue et al. (1999) have performed experimental-theoretical studies of a local ECAE-induced flow of polycarbonate plate workpieces through an angular domain of Segal geometry with a right angle 2 = 90 ∘ die channel intersection [23] . Experimental studies by Sue et al. (1999) have included such experimental parameters as a rate of angular extrusion, die channel angle, and a deformation route of multipass pressure working of polymer workpiece [23] . Sue et al. (1999) have visualized deformation gradients during ECAE-induced polymer flow through the application of Abaqus software [23] . However Sue et al. (1999) have not fully outlined FEM and experimentally derived fields of deformation gradients that significantly reduce generalization of experimentaltheoretical research results of [23] . Weon et al. (2005) have analyzed the influence of deformation route of ECAE on ballistic impact properties of polymethylmethacrylate workpieces, subjected to pressure working through an angular domain of Segal geometry with a right angle 2 = 90 ∘ die channel intersection [24] . Weon et al. (2005) have provided an experimental photo of ECAE die tooling and a series of photographs and micrographs, which illustrate ECAE-induced polymer structure fragmentation as well as mechanical effects of improvement of ballistic impact polymer properties after ECAE pressure working [24] . However in the theoretical studies of [24] Weon et al. (2005) have used the well-known Segal's formulae for ECAEinduced plastic shear strains, which were proposed for ECAE pressure working of metals but not polymers, which slightly reduces the generality of the research [24] . Xia et al. (2000) have applied a wide range of experimental techniques for analysis and visualization of structure fragmentation of polyethylene terephthalate workpieces after different deformation routes of a multipass ECAE through an angular domain of Segal geometry with a right angle 2 = 90 ∘ die channel intersection [26] . Xia et al. (2000) have provided a comprehensive experimental investigation of the refinement of lamellar polymer structure during ECAE with corresponding experimentally derived 2D and 3D plots, illustrating macroscopic and microscopic effects, associated with polymer workpiece fragmentation [26] . However, Xia et al. (2000) only partially addressed the questions of ECAEdriven macroscopic rotation formation [26] . have applied experimental techniques to a technological problem of warm ECAE pressure forming and consolidation of polymer workpieces using wheat starch and wheat gluten granular materials through a classical Segal die with 2 = 90 ∘ with an additional back pressure [27] . have provided dynamic mechanical analysis-related plots and scanning electron microscopederived polymer microstructures after ECAE working by pressure. However, Zhang et al. 's (2008) contribution has not properly address the formation of rotational modes of ECAEinduced large deformations.
Aims, Scopes, and Prime Novelty of the Article
Analysis of the state of the art in the field of ECAE polymer forming shows that SPD ECAE problems are relatively new for the SPD and polymer sciences. For the last 17 years ECAE polymer forming science has attracted the attention of specialists in experimental and computational materials science and materials rheology. However all previous pressure forming research pays inadequate attention to the dynamics of viscous flow of polymer workpiece models during ECAE through 2 angular dies of Segal and Iwahashi geometries. Moreover the experimental and theoretical dynamics of macroscopic rotation formation during ECAE is still not properly addressed in all previous known publications . All of the above mentioned references and discussion emphasize the relevance and actuality, the aims and scopes, and the prime novelty statement of the present research, which is focused on the experimental and theoretical description of material macroscopic rotation during ECAE of viscous polymer models in terms of continuum mechanics and CFD theories. The present article is focused on the experimental and theoretical description of viscous workpiece flow through 2 angular dies of Segal and Iwahashi geometries during ECAE.
The aim of the present research is the phenomenological continuum mechanics based description of viscous workpiece flow through 2 angular dies of Segal and Iwahashi geometries with fixed and movable inlet and outlet die walls during ECAE.
The subject of the present research is the process of ECAE through 2 angular dies of Segal and Iwahashi geometries with viscous flow of polymeric workpiece models and independent translational motions of movable inlet and outlet die walls of angular domain.
The object of the present research is to determine the general trend of viscous flow of workpiece models through 2 angular dies of Segal and Iwahashi geometries with fixed and movable inlet and outlet die walls with respect to workpiece material rheology and other technological parameters of ECAE process.
The experimental novelty of the present article is based on the introduction of initial circular gridlines to study Advances in Materials Science and Engineering viscous workpiece ECAE flow through 2 angular dies of Segal geometry.
The prime novelty of the present research is the numerical finite-difference solution of Navier-Stokes equations in the curl transfer form for viscous workpiece flow through 2 angular dies of Segal and Iwahashi geometries with fixed and movable inlet and outlet die walls during ECAE.
Physical Simulation-Based Phenomenological Approach
In order to estimate the character of viscous flow during ECAE through the 2 angular die of Segal geometry AOC-BED ( Figures 1 and 2 ), a physical simulation technique has been applied. The plasticine workpiece models have been extruded through the ECAE die AOC-BED with channel The initial circular gridline transforms into a deformed elliptical one as the workpiece flows from the inlet to outlet die channels during ECAE (Figures 2(e) and 2(f)). The gridline-free dead zones (p. E) were visualized through the physical simulation techniques introduced in Figure 2 (f). It was experimentally found in Figures 2(b) , 2(c), 2(e), and 2(f) that the deformation zone during ECAE of viscous models is not located in channel intersection zone EO but is located in the beginning of the outlet die channel OCED.
The relative location of the elliptical markers in the outlet die channel OCED shows the formation of two rotary modes of SPD during ECAE (Figures 2(e) and 2(f)). If the successive locations of one color elliptical markers in Figures 2(e) and 2(f) are checked, it can be seen that the major axis of every elliptical marker rotates with respect to the axis of the outlet die channel OCED. The term of macroscopic rotation is defined as the relative rotation of the major axis of the elliptical marker with respect to the flow direction axis. The macroscopic rotation is the first visually observable rotary mode during the ECAE forming of the viscous workpiece model. However, under SPD ECAE treatment some deformed elliptical markers within the viscous material have obtained additional bending points in the form of "commas" or "tadpoles" (Figure 2(e) ). If the elliptical marker has a bending point during ECAE, then we refer to the vicinity of a marker with such a "waist" as the zone of rotational inhomogeneity within the workpiece material. The rotational inhomogeneity is the second visually observable rotary mode during ECAE forming of the viscous workpiece model. Figures 1 and 2 have outlined the formation of the following zones within the workpiece volumes: (a) the dead zone (p. E); (b) the deformation zone; (c) the macroscopic rotation zone (OCED); and (d) the zone of rotational inhomogeneity (OCED). The complex physical simulation techniques in Figures 1 and 2 include the following experimental methods: (a) the uniform plasticine workpieces (Figures 1(a)-1(c) ); (b) the plasticine workpiece with additional solid markers at the front surface of the workpiece in the form of the hard spots (Figure 1(d) ); (c) the uniform plasticine and wax workpieces with additional dispersed particles at the front surfaces of the workpieces in the form of the partially immersed fine sawdust (Figures 1(e) , 1(f), and 2(d)); (d) the layered plasticine models (Figures 2(a) and 2(b)); (e) the wax and plasticine workpieces with the initial circular colored gridlines in the shape of initial colored cylindrical plasticine inclusions (Figures 2(e) and 2(f) ). The initial circular gridlines experimental technique has not been properly addressed in previous known ECAE research .
The experimental results in
The proposed complex of experimental techniques for physical simulation of SPD during ECAE in Figures 1 and 2 will find the further applications in the study of viscous ECAE through dies with more complex Iwahashi, LuisPerez, Utyashev, conform and equal radii geometries and the investigation of equal channel multiple angular extrusion.
CFD-Based Phenomenological Approach
In order to derive the mathematical model of viscous material flow during ECAE through the 2 angular dies AOC-BED with channel intersection angle ∠(BED) = ∠(AOC) = 2 we will address the CFD concepts and techniques. The main computational approach of the present article is based on the Navier-Stokes equations introduction to polymeric material viscous ECAE flow through 2 angular dies AOC-BED of Segal (Figures 1, 2, 3 The theoretical background for the introduction of Navier-Stokes equations as the first rheological approach to polymer non-Newtonian flow has been outlined by Goodwin and Hughes (2008) [34] . The theoretical background for the use of the Navier-Stokes equations in the present article for ECAE through the 2 angular dies AOC-BED is as follows. For the anomalous or non-Newtonian liquids the law of internal friction is defined by the Bingham equation as = 0 + vis ⋅ ( / ), where 0 is the tangential stress within the viscous fluid model at rest before the beginning of the ECAE process. The viscous liquid can flow only after overcoming the 0 tangential stresses. Then for > 0 we have that = vis ⋅ ( / ), where = − 0 is the degree to which the tangential stresses exceed the fluidity level. In this work for ECAE viscous flow through the 2 angular dies AOC-BED we deal with the steady flow regime of polymer workpiece models, when the fluidity level is overcome. So for the Bingham fluid we have the same Navier-Stokes equations as in the case of a Newtonian liquid, but the computational value of the tangential stress in reality is the overcoming of the tangential stress above the fluidity level. Taking into account all these considerations in the present article we are using the Navier-Stokes equations as the first ideal viscous approach to polymer flow through the 2 angular dies of Segal and Iwahashi geometries during ECAE SPD forming.
The curl (vorticity) transfer equation is based on the Navier-Stokes equations [35] . The curl transfer equation in dimensionless variables will have the following form (Appendix A): 
The initial conditions for system (1)- (2) have no basic importance because we study mainly the stationary solution of system (1) (Figures 3-17 ) and the second subscript will mark cell numbers along the dimensionless ordinate (Figures 3-17) .
Flow ( method. We now study the steady-state regime of the viscous flow (Figures 3-17 ) of a physical model of polymer material through the 2 angular die AOC-BED. We assume initial conditions in the form of a rough approximation to the stationary solution. Unity initial values for and for the "upper region," which is located "higher" than left internal die wall (AOC), are in (Figures 3-17) .
For the left internal die wall bound (AOC) of viscous flow in Figures 3-17 we have , = 1; , = 1.
(6)
Boundary condition (6) for , = 1; , = 1 takes place for ≥ | | (Figures 3-17) . Figures 3, 6 , 9, 12, and 13 provide the best illustration of BCs (5) and (6) .
For the movable inlet die wall BE of the viscous flow with velocity in Figures 4, 7 , 10, 14, and 15, we have , = sin ; 
where and are the horizontal and vertical coordinate steps along -and -axes, and the derivation of (7) is provided in Appendix B. For the movable inlet die wall ED of the viscous flow with velocity in Figures 5, 8, 11 , 16, and 17 we have , = sin ;
where the derivation of (8) is provided in Appendix B. The finite-difference form of the boundary value problem (1)- (8) Instabilities of numerical finite-difference solutions of the boundary value problem (1)- (8) , which appear at the inlet boundary AB (Figures 3-17) of the 2 die AOC-BED, propagate in the punching direction along 0 , that is, moving downstream from AB to OE. Instabilities of numerical solutions of the boundary value problem (1)- (8) , which appear at the outlet frontiers CD, move opposite the material flow direction, that is, propagating upstream from CD to OE.
The numerical solutions (Figures 3-17) for ECAE through the 2 angular dies of Segal and Iwahashi geometries satisfactorily agree with the physical simulation results (Figures 1  and 2 ) only when the inlet boundary AB and outlet boundary CD of the viscous flows are located well away from studied zone OE of the channel intersection zone; that is, ideally the channel inlet AB and outlet CD are infinitely distant from the die channel intersection zone OE.
So in order to protect the numerical solutions ( Figures  3-17 ) from numerical distortions, caused by instabilities at inlet zone AB, the distribution 2D and 3D plots of energypower ECAE parameters in Figures 3-17 assuming that the initial solution points are chosen not near coordinate grid inlet boundary AB of viscous flow but were chosen several cells away from the AB boundary.
Similarly for all 2D and 3D plots in Figures 3-17 the derived numerical fields have been truncated several cells away from the outlet CD finite-difference boundary in order to remove the computational distortions caused by the outlet CD instabilities. So the finite difference grid cells near the inlet AB and outlet CD have been rejected from the plots in Figures 3-17 .
The numerical computation results of the CFD-based integration curl transfer equation (1)- (2) with the initial (3)-(4) and boundary (5)-(8) conditions for the fields of the flow lines (Figures 3(c), 3(d), 4 , and 5) and energy-power the dimensional specific heat capacity of plasticine material is = 1.004 kJ/(kg⋅K); the dimensional thermal conductivity is = 0.7 J/ (m⋅s⋅K) (Chijiiwa et al. (1981) , [28] It is necessary to note that the 3D and 2D diagrams for the full flow dimensionless velocities in Figures 12(a) channel intersection zone EO. The computational flow lines in Figures 3(c), 3(d), 4 , and 5 show us that the bisector line EO of the 2 die is the symmetry axis for the dead zone BED. It is necessary to note that an assumption concerning the formation of an asymmetrical dead zone BED for ECAE of viscous incompressible continuum through a 2 -die AOC-BED is completely unacceptable because possible asymmetry of dead zone BED (p. E) would result in a violation of viscous model incompressibility for the numerically solved boundary value problem (1)- (8) .
This CFD-derived theoretical result about dead zone (p. E) formation in Figures 1, 2, 3(a), 3(c) , 4, 5, 6(a), 6(c), 7, 8, 9(a), 9(c), 10, 11, 12(a), 12(c), 13, 14, 15, 16, and 17 is fully correlated with physical simulation-derived experimental results in Figures 1 and 2 , which confirms the correctness of the proposed CFD-based computational approach to the finite-difference solution of the boundary value problem (1)- (8) .
The computational results in Figures 3(b external radius. This CFD-derived theoretical result indicating absence of the dead zone at the right external border of the viscous flow BED is fully correlated with physical simulation-derived experimental results for Iwahashi dies.
Discussion
The proposed theoretical CFD-derived hydrodynamic analysis has shown that the correctness of numerical integration of the boundary value problem (1)- (8) (Figures 1 and 2) , accumulation of high strain unevenness in the volume of viscous material, and the localization of intensive macroscopic rotation within zone OECD of the outlet die channel CDOE (Figures 1-17 ) of the 2 angular die AOC-BED during ECAE. So the computationally observable formation of tangential stress gradients on the CFD-derived diagrams in Figures 12(c), 12(d), 14(c), 14(d) , The combined use of the physical simulation (Figures 1  and 2 ) and numerical CFD techniques (Figures 3-17) provides new experimental-theoretical results, which illustrate the dynamics of local flow of viscous material during SPD with ECAE through the 2 angular dies AOC-BED.
The proposed CFD-based approach (Figures 3-17) is simple, sound, and appropriate for the analysis of ECAE through the 2 angled dies AOC-BED with more complex geometries like Iwahashi, Luis-Perez, Utyashev, and conform and equal radii geometries, taking into account the availability of the movable inlet and outlet die walls.
Conclusions
(1) With the introduction of an experimental physical simulation-based method of the initial circular colored gridlines in the shape of initial colorful cylindrical plasticine inclusions and a theoretical (numerical) finite-difference method, written for the boundary value problem (1)- (8) for Navier-Stokes equations in curl transfer form, we have achieved a complex experimental-theoretical description of the observable dynamics of macroscopic rotation formation within the volumes of viscous physical models of the subject ECAE.
(2) Physical simulation of macroscopic rotation in Figures  1 and 2 
Appendix
A. Boundary Value Problem Formulation
It is possible to write dimensional Navier-Stokes equations for -and -projections of dimensional velocities (Figures 9-17 ) and dimensional ECAE punching pressure in the following form [9, 13, 14, 17, 19, 20, 30, 35] :
It is convenient to mark with over-line symbols (i.e., with top underscores) the dimensional quantities in (A.1)-(A.2) and elsewhere. System (A.1)-(A.2) has two equations with three unknown functions: flow velocities (Figures 9(a) 
It is possible to reformulate the above-mentioned equation (A.5) in conservative form as
It is important to note that the conservative form of (A.6) has implemented the integral conservation laws, which are valid for the original equations (A. 
B. Formulation of Boundary Condition Expression for a Movable Die Wall
It is possible to expand of a flow (stream) function ,1 in Taylor series about point ( , 0) of a movable die boundary, which moves with velocity : I t e r a t i o n n u m b e r :
Number of time step (in finite-difference formulae) ; :
N u m b e r s o f d i ff e r e n c e g r i d cells, where corresponds to -axis, and corresponds to -axis.
Additional Points
Highlights. Initial circular gridlines were applied to ECAE flow through 2 Segal angular dies. BVP was posed and numerically solved for viscous flow through Segal and Iwahashi 2 dies. The effect of fixed and movable inlet and outlet die walls was studied and analyzed during ECAE.
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